This study involves two aspects of our investigations of plasmonics-active systems: (i) theoretical and simulation studies and (ii) experimental fabrication of plasmonics-active nanostructures. Two types of nanostructures are selected as the model systems for their unique plasmonics properties: (1) nanoparticles and (2) nanowires on substrate. Special focus is devoted to regions where the electromagnetic field is strongly concentrated by the metallic nanostructures or between nanostructures. The theoretical investigations deal with dimers of nanoparticles and nanoshells using a semianalytical method based on a multipole expansion (ME) and the finite-element method (FEM) in order to determine the electromagnetic enhancement, especially at the interface areas of two adjacent nanoparticles. The experimental study involves the design of plasmonics-active nanowire arrays on substrates that can provide efficient electromagnetic enhancement in regions around and between the nanostructures. Fabrication of these nanowire structures over large chip-scale areas (from a few millimeters to a few centimeters) as well as FDTD simulations to estimate the EM fields between the nanowires are described. The application of these nanowire chips using surface-enhanced Raman scattering for detection of chemicals and labeled DNA molecules is described to illustrate the potential of the plasmonics chips for sensing.
Introduction
There has recently been great interest in the design, optimization, and fabrication of plasmonics-active metallic nanostructures for a wide variety of applications. Plasmonics refers to the study of enhanced electromagnetic properties of metallic nanostructures. The term is derived from plasmons, the quanta associated with longitudinal waves propagating in matter through the collective motion of large numbers of electrons. According to classical electromagnetic theory, molecules on or near metal nanostructures experience enhanced fields relative to that of the incident radiation. When a metallic nanostructured surface is irradiated by an incident electromagnetic field (e.g., a laser beam), conduction electrons are displaced into frequency oscillations equal to those of the incident light. These oscillating electrons, called "surface plasmons", produce a secondary electric field, which adds to the incident field. The origin of plasmon resonances of metallic nanoparticles are collective oscillations of the conduction band electrons in the nanoparticles, which are called localized surface plasmons (LSPs). LSPs can be excited when light is incident on metallic nanoparticles having a size much smaller than the wavelength of the incident light. At a suitable wavelength, resonant dipolar and multipolar modes can be excited in the nanoparticles, which lead to a significant enhancement in absorbed and scattered light and enhancement of electromagnetic fields inside and near the particles. Hence, the LSPs can be detected as resonance peaks in the absorption or scattering spectra of the metallic nanoparticles. This condition yields intense localized fields which can interact with molecules in contact with or near the metal surface. In an effect analogous to a "lightning rod" effect, secondary fields can become concentrated at high curvature points on the nanostructured metal surface. Nanoparticles of noble metals such as gold and silver resonantly scatter and absorb light in the visible and near-infrared spectral region upon the excitation of their plasmon oscillations and are therefore materials of choice for plasmon related devices. Surface plasmons have been associated with important practical applications in surface plasmon resonance (SPR), surface-enhanced Raman scattering (SERS), and surface-enhanced luminescence, also referred to as metal-enhanced luminescence.
Over the last two decades, our laboratory has been interested in the development of plasmonics-active substrates and their applications in chemical, biological, and medical sensing using SERS detection. Raman spectroscopy is based on vibrational transitions that yield very narrow spectral features characteristic of the sample being analyzed. For this reason, Raman spectroscopy has long been considered as a powerful tool for the identification of chemical and biological species as well as the determination of molecular structure, investigation of surface processes, and interface reactions. In spite of these advantages, Raman techniques have not been widely used for trace analysis because of the intrinsically low efficiency of the scattering process (e.g., 10
-30 cm 2 per molecule), thus precluding the possibility of analyte detection at low concentration levels without special enhancement processes. Discoveries of the SERS effect in the 1970s [1] [2] [3] indicated that the Raman scattering efficiency can be enhanced by factors of up to 10 6 when the sample is adsorbed on or near nanostructured surfaces of coinage † Part of the "Martin Moskovits Festschrift". * To whom correspondence should be addressed. metals such as silver and gold. These discoveries have spurred a great interest in the development of plasmonics-active SERS substrates and in fundamental research for the following decade. [4] [5] [6] [7] [8] [9] However, during a subsequent period between the mid 1970s and the early 1980s, this early enthusiasm for SERS decreased and did not yield practical applications because of the nonreproducibility of preparing metal particles in colloidal solutions employed in most studies. Furthermore, the Raman enhancement effect had been observed for only a few highly polarizable small molecules, such as pyridine, benzoic acid and its derivatives. Most studies had involved samples at relatively high concentrations between 10 -1 and 10 -3 M, which are well above the useful concentration ranges for trace analysis. In 1984, we first reported the general applicability of SERS as an analytical technique for trace organic detection. This work also demonstrated that SERS is a general effect that can be applied not only to a few compounds such as pyridine but also to a greater variety of chemicals including homocyclic and heterocyclic polyaromatic compounds. 10 We developed and proposed the use of solid substrates consisting of nanospheres or nanoparticles covered with nanolayer of metal (forming an array of half nanoshells) as efficient and reproducible SERS-active media. During the following two decades our laboratory has extensively investigated the SERS technology and developed a wide variety of plasmonics-active SERS platforms for chemical sensing [11] [12] [13] [14] [15] [16] [17] and for bioanalysis and biosensing. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] These substrates consist of microplates, waveguides or optical fibers having silver-coated dielectric nanoparticles or isolated dielectric nanospheres (30-nm diameter) coated with a silver nanolayer producing nanocaps (i.e., half nanoshells), 13, 19 and nanorods.
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The fabrication process involves depositing nanoparticles including polystyrene nanospheres, 4,12-15 nanoparticles of titanium dioxide, 16 alumina, 17 and silica 19 on a solid substrate and then coating the nanoparticle base with a 50-100 nm layer of silver via vacuum thermal deposition. More recently unique structures such as gold nanostars have been synthesized and developed as plasmonics-active probes for SERS detection. 22 Figure 1 shows some example of plasmonics SERS platforms that have been developed in our laboratory for SERS applications: (A) substrates based on nanosphere arrays coated with silver, 13 (B) gold nanostars, 22 (C) nanorod arrays fabricated using submicrometer lithography and plasma etching, 11 (D) SERSinducing fiberoptics nanoprobe coated with silver nanoislands, 24 (E) scanning ion microscope (SIM) images of gold nanopillar arrays developed at the tips of cleaved gold coated optical fibers by FIB milling, 23 and (F) Nanopillars of different geometries. These plasmonic substrate platforms have led to a wide variety of analytical applications including sensitive detection of a variety of chemicals of environmental, biological and medical significance, including polycyclic aromatic compounds, 4, 15 organophosphorus compounds, 14 and compounds of biological interest such as DNA-adduct biomarkers. 12 The first application of SERS in DNA probe detection technology was reported 18 and has led to subsequent development of this method for medical diagnostics. 19, 20, 25, 26, 29 Moreover, we have also developed a novel "molecular sentinel" (MS) nanoprobe to detect the presence of DNA biotargets, such as HIV 28 and breast cancer genes 30 in a homogeneous assay. The SERS technology has now Figure 1 . Plasmonics SERS platforms developed for SERS applications: (A) Substrates based on nanosphere arrays coated with silver, 13 (B) gold nanostars, 22 (C) nanorod arrays fabricated using submicrometer lithography and plasma etching, 11 (D) SERS-inducing fiber-optic nanoprobe coated with silver nanoislands, 24 (E) scanning ion microscope (SIM) image of gold nanopillar arrays developed by FIB milling at the tip of a cleaved gold-coated 4-mode optical fiber (left) and multimode optical fiber (right), 23 and (F) (top) nanopillars of different geometries (scale bars are 2, 1, and 2.5 µm, respectively) and (bottom) SEM micrograph of a gold nanopillar array taken at 45°.
received increasing interest and contribution from many research groups worldwide and the reader is referred to a number of reviews and monographs for further details. [4] [5] [6] [7] [8] [9] [10] [30] [31] [32] [33] [34] [35] [36] [37] This study involves two aspects of our investigation of plasmonics-active systems: (i) analytical and numerical calculations of plasmonic nanostructure systems such as nanoparticle and nanoshell dimers and (ii) experimental fabrication and numerical simulations of nanowire chips. Surface-enhanced Raman scattering detection of chemicals and labeled DNA molecules is described to illustrate the potential of the plasmonics-active nanowire chips for sensing.
Experimental Methods
2.1. SERS Spectral Measurements. SERS measurements were performed using a Renishaw InVia Raman system equipped with a 50-mW HeNe laser (Coherent, Model 106-1) emitting a 632.8-nm line used as the excitation source. The light from the laser was passed through a line filter and focused on a sample mounted onto a X-Y-Z translation stage with a microscope objective (50 X for pMBA SERS measurements and 40 X for labeled DNA measurements). The Raman scattered light was collected by the same objective, through a holographic notch filter to block out Rayleigh scattering. A 1800 groove/ mm grating was used to provide a spectral resolution of 1 cm
Raman scatter was detected by a 1024 × 256-pixel RenCam charge-coupled device (CCD) detector. The SERS spectra were acquired with a 10 s integration time and processed with software from Renishaw (WiRE 2.0).
To carry out SERS measurements of gold nanowire-based SERS substrates, chips containing the fabricated nanostructures were coated with the SERS active dyes. In the case of p-mercaptobenzoic acid (pMBA), the substrates were dipped in an ethanol solution of pMBA for 2 min, with the pMBA concentration being 1 mM, followed by a rinse in pure ethanol solution for 1 min to allow washing of the pMBA molecules that have not bonded to the gold nanowire surface. This was followed by drying the ethanol solvent by flowing nitrogen over the substrate at a very slow rate. To detect labeled breast cancer DNA ERBB2 or "v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma derived oncogene homolog (avian)", gold-coated nanowire substrates were dipped in a 1 µM solution of a Cy3 dye-labeled gene sequence segment (5′ dithiol-AAA AAA AAA AGT CCG TC-cy3) in 0.5 M NaCl-10 mM sodium phosphate buffer for one hour and subsequently washed with water.
Fabrication of Wafer-Scale Plasmonic Substrates for SERS Biosensing
Application. The first step in the fabrication of plasmonics-active nanowires on a wafer scale involved deep UV lithography (ASML 5500/950B Scanner employing 193-nm radiation) and chemical etching (tetramethylammonium hydroxide i.e. TMAH etch) to form silicon nanowires over an entire 6-in. wafer. The second step in the nanowire-based SERS substrate development involved atomic layer deposition (ALD) of a conformal hafnium oxide spacer layer. The third step involved overcoating the nanowire substrates with a thin film (10-100 nm) of gold or silver using electron beam evaporation. The metal deposition rate was varied between 0.05 and 0.16 nm s -1 at a chamber pressure of 5 × 10 -7 Torr and film thickness monitored by a quartz crystal monitor. The 6-in. wafers containing gold-coated silicon nanowires were cleaved to form 1 cm × 1 cm sized nanowire chips.
2.3. Chemicals and Reagents. All chemicals and materials were purchased at their purest grade and used as received. The DNA sequences were synthesized by IDT (Integrated DNA technologies, Coralville, IA).
Numerical Simulations. Finite element method (FEM)
based calculations of EM fields around metallic nanostructures were performed using the commercial software package COMSOL Multiphysics (version 3.5a). Finite difference time domain (FDTD) calculations were performed using the commercial software package Fullwave (version 6.0). Semianalytical solutions based on a multipole expansion (ME) of the EM fields were also obtained and are discussed in section 3.1.
Results and Discussion
3.1. Analytical Calculations and Numerical Simulation of the Electromagnetic Enhancement of Plasmonics Nanostructures. In our earlier works the electromagnetic (EM) field enhancement which results in SERS has mostly been created using random structures. 10, 11, 16, 17 It has been suggested that the EM field is particularly strong in the interstitial space between the particles. 38 It is believed that the anomalously strong Raman signal originates from "hot spots", i.e., regions where clusters of several closely spaced nanoparticles are concentrated in a small volume. This effect, also referred to as interparticle coupling or plasmonic coupling in a network of NPs, can provide a further enhancement effect besides the enhancement from individual particles. It has been reported that SERS enhancement from nanoparticle aggregates or nanonetworks can reach 10 11 -10 15 , allowing single-molecule detection and making SERS highly competitive with fluorescence-based assays. [39] [40] [41] [42] [43] [44] In our previous work, computation of the electric field in the gaps between two spheres and between two spheroids over a range of frequencies also indicate the occurrence of very large field enhancements. 45 While very large enhancement for a single hot spot can be achieved in such structures, the presence and location of such hotspots is not predictable and the density of the hotspots tends to be very low. It is widely believed that SERS hot spots are created at locations where the EM field is strongly concentrated by the metallic nanostructures or between nanostructures. Creating a high density of such hot spots call for a systematic study in periodic nanostructures made out of metals. As the simplest example, we investigate the EM field at the hot spot between two nanoparticles (solid nanospheres or nanoshells). In the following section, we compare calculations of the plasmonic enhancement produced by two nanoparticles in close proximity (a dimer). The dimer is the prototypical example of a "hot spot" since it exhibits the key properties of EM enhancement in the gap between the particles and its dependence on the gap size relative to the particle size. For this reason the enhancement characteristics of the dimer and the influence of plasmon resonances on this enhancement have been the subject of many studies. [46] [47] [48] [49] [50] [51] [52] For similar reasons more complex systems comprising particle chains and clusters have also been examined. [53] [54] [55] [56] [57] [58] [59] Dimer Calculations Using Finite-Element and Multipole Methods. We consider two types of dimers, one comprised of two solid nanospheres and the other of two nanoshells. In our calculations for spherical nanoshells, the material of the shell was taken as silver and the material of the core was taken as silica (refractive index taken as 1.45). Silver was taken as the material in our calculations for the solid nanospheres. Nanoshells have been previously investigated and developed for medical applications. [60] [61] [62] The maximum electric-field enhancement in the gap between the particles occurs when the electric field of the incident light is polarized along the dimer axis. We compare the calculations of the electric field at a point in the gap midway between the two particles (solid sphere or shell) using two different numerical methods. The material The first calculation was performed using the FEM-based commercial software package COMSOL Multiphysics and the second was a semianalytical solution based on a multipole expansion (ME) of the fields. In the latter approach, we employed the quasistatic approximation, which significantly simplifies the ME analysis, but is known to give accurate results when the particle size is about a tenth of a wavelength or less. Comparing the FEM results to those of the ME method demonstrates that in this size range the quasistatic assumption is an excellent approximation. The quasistatic approximation also has the virtue of being computationally very fast as well as relatively simple to program.
In the ME formulation, the scattered field from each particle is expressed as a multipole expansion in a coordinate system centered on that particle, and the multipole coefficients are then related using a translational formula based on the sphericalharmonic addition theorem. Under the assumption that the incident light is polarized along the dimer axis, the problem becomes axially symmetric in the quasistatic approximation, which further simplifies the analysis. We begin this section with a review of the multipole expansion method and conclude with a comparison of the field calculations using COMSOL and the ME approach. Further details of the ME method can be found in ref 52 .
Multipole Expansion Method. Here we outline the multipole analysis of a dimer consisting of two spherical shells. The dimer composed of two solid nanospheres is obtained by setting the inner shell radius to zero. Let a i , b i , ε l (i) , and ε c (i) denote respectively the outer and inner radii of the ith shell and the dielectric constants of the shell layer and core of the ith shell. Also, let ε 0 denote the host dielectric constant and L the distance between the shell centers. It is convenient to define two spherical coordinate systems centered on each shell. Thus, any external point, r, may be represented in a coordinate system whose origin is the center of the ith shell; that is, r ) (r i ,u i ), where u i ) cosθ i . From geometry, r 2 ) (L 2 + r 1 2 -2r 1 u 1 ) 1/2 and u 2 ) (r 1 u 1 -L)/r 2 , and conversely, r 1 ) (L 2 + r 2 2 -2r 2 u 2 )
1/2 and u 1 ) (r 2 u 2 + L)/ r 1 . In the quasistatic approximation, the electric field is expressed as the gradient of a potential. Let ψ p (i) (r i ,u i ), ψ s (i) (r i ,u i ), ψ l (i) (r i ,u i ), and ψ c (i) (r i ,u i ) denote the potential functions associated, respectively, with the primary (incident) field, the scattered field, the field inside the outer layer and inside the core of the i-th shell measured with respect to the spherical coordinate system (r i ,u i ) centered at this shell. The potentials obey Laplace's equation and in spherical coordinates the general solution may be represented as expansions in Legendre polynomials as follows:
The total field at a point external to the shells is given by the sum of the incident field and the scattered fields from both shells:
The boundary conditions imposed at each interface are the continuity of the potential and that of the product of the dielectric constant and the normal derivative of the potential across the boundary. On applying these boundary conditions and making use of the orthogonality of the Legendre polynomials, we obtain the following system of equations for the expansion coefficients: where and c m ≡ (2m + 1)/2 The matrix elements Q mn (ij) and R mn (ij) can be evaluated analytically with the aid of the addition theorem 63 Substituting this into Q mn (ij) and R mn (ij) and again using the orthogonality of the Legendre polynomials gives:
as well as the relation R mn (ij) ) mQ mn
. In a numerical solution, we will truncate the sum on n to N terms (we consider multipoles
ψ c
Q mn
Plasmonic Nanoparticles and Nanowires J. Phys. Chem. C, Vol. 114, No. 16, 2010 7483 up to order N). Once the coefficients A n (i) are computed, the total field is then derived from the potential The total electric field is given by minus the gradient of ψ(r) where r i and θ i are unit vectors. In performing our simulations, we employed a Drude-Lorentz model for the dielectric constant for silver of the form Here ∆ε k , a k , b k , and c k are constants that have been fit to tabulated data from ref 64 for the case of silver. Reference 52 also describes how this expression can be modified to account for the "size effect" that results from electron scattering from the shell boundaries. This modification results in an additional term added to the imaginary part of the dielectric constant which tends to dampen the plasmons resonances for small particles (tens of nm or less in size). 65 In the following simulations, this modification was employed.
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Comparison between FEM and ME Methods. Field calculations were performed using both the FEM and ME methods for two types of dimers: a pair of solid nanospheres and a pair of nanoshells. In all cases, the outer diameter of the particles was assumed to be 20 nm with a particle gap of 5 nm. In the first calculation, the magnitude of the electric field in the gap midway between the particles was computed over a wavelength range from 300 to 800 nm. Three particular cases were considered: a dimer whose particles are nanoshells with a shell thickness of 15% and 35% of the outer shell radius, and a dimer whose particles are solid spheres. The spectra of these three cases are shown in Figure 2 for silver (the "solid" dimer is labeled as 100%). In the figure, the "+" signs indicate the calculated FEM values and the solid curves are the ME results. Figure 3 displays the field magnitude of a 2-D slice through the 15% dimer. Finally, Figure 4 shows a profile of the electricfield magnitude along the axis of the three dimer examples (15%, 35%, and 100%). The FEM results were generated using the iterative solver in Comsol, which is required to solve large 3D problems. The spatial sampling was defined such that further meshing did not alter the obtained results, and the spectra were sufficiently sampled to enable accurate interpolation and therefore a valid comparison between both FEM and ME.
The results in Figure 2 demonstrate that the agreement between the Comsol and ME calculations is within 5% across all geometries with respect to amplitude, wavelength offset and plasmon resonance fwhm. Figure 3 shows that Comsol employs tetrahedral meshes to accurately mesh around geometrical contours such that the fields are properly solved at curved boundaries. This is further emphasized in Figure 4 , where the spatial line profiles, taken along the z-axis which cuts the geometry along its center, are in very good agreement between the two methods; the sharp discontinuities at the metal/dielectric boundaries are well resolved and the field amplitudes are also close in value.
3.2. Wafer-Scale Plasmonic Substrates for SERS Sensing Application. In parallel with our activities in theoretical and simulation studies of the EM enhancement, our investigations have been also devoted to designing and fabricating practical plasmonics-active substrates that can be used in microchip platforms for biosensing applications. Efforts by several researchers are currently devoted to maximizing the SERS signals emanating from molecules located inside or near the nanoscale gaps between plasmonically active metallic nanostructures on the SERS substrates. [66] [67] [68] [69] Some of the fabrication methods described in literature to develop plasmonics-active nanostructures include E-beam lithography, 70 deep UV lithography, FIB milling, 22 and nanosphere lithography. 71 An earlier work in our laboratory has involved the development of planar solid substrates covered with a monolayer of nanospheres that are coated with a thin layer of silver, thus producing plasmonicsactive 2D half-nanoshell arrays. 10, 72 It has not been practical to reproduce these SERS substrates over a large area such as an entire wafer. Recent work to develop plasmonic nanostructures on a large area includes development of nanowells 73 using soft lithography and of nanoprism arrays 69 using nanoimprint lithography (NIL). Although SERS substrates based on disordered metallic nanowires, 74 and metal-coated silicon or germanium oxide nanowires 75, 76 have been described in the past Figure 2 . Electric-field magnitude in the particle gap versus wavelength. The solid curves are the calculations using the ME method and the symbols indicate the FEM calculations. literature, the ability to reproducibly develop ordered metallic nanowires with controlled sizes, shapes, and sub-10 nm gaps between the nanowires has not been presented previously. Some of the challenges in developing novel SERS substrates lie in not only achieving large SERS enhancement factors but in also developing the substrates in a reliable and repeatable manner. One of the objectives of our research was to fabricate SERS active substrates on a wafer scale in a reproducible manner such that these substrates could be employed for detecting chemical and biological molecules. We fabricated highly efficient plasmonics-active one-dimensional (1D) nanowires, on an entire 6-in. wafer, for achieving a substantial electromagnetic enhancement in the SERS signals. Moreover, we were able to fabricate sub-10 nm nanoscale gap regions in these SERS substrates over the entire 6-in. wafer.
Wafer-Scale Fabrication of Plasmonic Nanowire Substrates. In the fabrication of the SERS-active substrates in a reproducible manner on a wafer scale, the first step involved the development of silicon nanowires (of varying sizes and spacings between the wires) on a 6-in. wafer. This was carried out using deep lithography and chemical etching to form silicon nanowires over the entire 6-in. wafer (see Figure 5A ). The second step involved atomic layer deposition (ALD) of a hafnium oxide spacer layer so that the gap between the nanowires and the width of the nanowires could be reduced in a reproducible manner (see Figure 5B ). The wafer-scale SERS substrates (see Figure 6A) were developed by overcoating the nanowires (with or without the ALD conformal over layer) with thin film (10-100 nm) gold or silver. Electron beam evaporation was employed to deposit gold or silver films on the silicon nanowire substrates. As E-beam evaporation involves directional deposition of the metal films, the silicon nanowire substrates were placed 5-6 in. above the metal crucible and the sample mount holding the substrates was rotated during the deposition process to improve uniformity as well as to obtain better coverage of the sidewalls of the underlying structure by the evaporated metal. Development of nanowires of different sizes and spacings allowed tunability of plasmon resonances of the gold-coated nanowires to different wavelengths. The gold nanowire structures shown in Figure 5B have deep grooves and sharp inverted triangular gap regions with sub-10 nm gaps between the gold film regions. Tan et al. 77 and Garcia Vidal et al. 78 have previously explained the phenomenon of coupling of p-polarized incident radiation to surface plasmon polariton (SPP) modes in short-pitch, deepgroove metallic gratings thereby leading to enhancement in electromagnetic fields in the narrow gaps between the metallic gratings.
Modeling of EM Fields in the Nanowire Substrates. We performed 2-D finite difference time domain (FDTD) simulations to calculate electric field enhancement (and estimate the SERS EM enhancement, which is proportional to the fourth power of the E-Field enhancement) in the spacing between the nanowire structures (see Figure 6B ,C). The FDTD software uses the Lorentz-Drude dispersion 51 ,52,79 model described above in section 3.1. In the FDTD calculations, a continuous plane wave (633-nm for simulating the laser employed for SERS measurements) propagating in the z direction and having the electric field (E-field) polarized in the x direction was incident on the gold-coated silicon nanowire structures. Enhancement in E-field as a function of the incident field (normalized to 1) was calculated. The FDTD calculations indicate an increase in the electric field intensity, and therefore an increase in the SERS EM enhancement factor, as the spacing between the neighboring gold-coated silicon nanowires is decreased (see Figure 6B ,C).
Sensing Application Using Nanowire SERS Substrates. To study the effect of nanowire spacing on SERS signals, the goldcoated nanowire SERS substrates were coated with a SERSactive dye, p-mercaptobenzoic acid (pMBA). Figure 7A shows SERS signals obtained from 1-mM p-mercaptobenzoic acid (pMBA) attached to the SERS substrates shown in Figure 5B . were overcoated with a conformal hafnium oxide layer (in dark gray color) to bridge the gap between the adjacent silicon nanowires in a controlled manner. Finally, a thin layer of gold film (in black color) was evaporated on the hafnium oxide layer to form inverted triangular structures, with sub-10 nm gaps between the metal surfaces.
The SERS spectra of pMBA molecules show strong Raman bands at 1590 and 1080 cm -1 corresponding to the ν 8a and ν 12 aromatic ring vibrations, respectively. One can observe in Figure  7A that the SERS signals at both 1590 and 1080 cm -1 increase with decrease in the spacing between the nearest ends of nanowire structures shown in Figure 5B (this spacing between neighboring nanowires was measured at a region 50 nm above the bottom of the inverted triangular section of the gold-coated silicon nanowires). The increase in molecular signals on decreasing the spacing between the gold-coated silicon nanowires can be related to both an increase in the surface area of the nanowires as well as stronger plasmonic enhancement with smaller gap dimensions. It is seen in Figure 7A that as the spacing is decreased from 40 to 15 nm, intensity of the 1590 cm -1 SERS peak increases from 17 000 to ∼38 000 photon counts. Increase in the SERS signal with an increase in spacing between the nanowires correlates well with FDTD calculations shown in Figure 6B ,C which show an increase in the electric field enhancement, and therefore an increase in the SERS EM enhancement factor (which is known to be proportional to the fourth power of the electric field enhancement 36 ), as the spacing between the neighboring gold-coated silicon nanowires is decreased. It can be seen that the SERS signal obtained from the gold pad region with no nanowires does not exhibit these Raman bands. We carried out SERS measurements to compare the SERS enhancement of the nanowire chip substrates with that of a gold film and found this enhancement factor to be in the 10 6 -10 7 range. To illustrate the use of the nanowire substrates for biomedical sensing applications, we have used these substrates for SERS detection of a Raman-labeled gene probe as the sample system. The erbB-2 gene (also know as ERBB2 or HER2/neu), well-known as a critical biomarker for breast cancer, encodes a transmembrane glycoprotein, which belongs to the epidermal growth factor receptor (EGFR) family and possesses intrinsic tyrosine kinase activity. Overexpression of ERBB2 is observed in 20% to 30% of invasive breast cancers. 80, 81 To detect labeled breast cancer DNA molecules, the gold-coated nanowire SERS substrates were dipped in a solution of a Cy3 dye-labeled ERBB2 gene sequence segment (5′ dithiol-AAA AAA AAA AGT CCG TC-cy3). Figure 7B shows SERS signal from labeled breast cancer DNA molecules (ERBB2), having SERS active dye Cy3 at the end of each DNA molecule, on a gold nanowire sample described by Figure 5B . Characteristic Raman peaks for the Cy3-labeled DNA molecules were observed at 1588, 1469, 1393, and 1270 cm -1 . The results indicate the potential of the nanochip structures for biomedical sensing applications.
Conclusion
The results of this study, both theoretically and experimentally, further indicate that the EM field enhancement is particularly strong in the interstitial spaces between nanoparticles and nanostructures. For sensing applications, this enhancement feature can be exploited effectively in the use of plasmonicsactive systems consisting of densely packed nanoparticle aggregates and in the design of solid substrates having arrays of closely spaced nanostructures. Using advanced nanofabrication techniques, chip substrates having well controlled highdensity nanostructures such as nanowires can be fabricated to produce sensitive and efficient chemical and biological sensing systems.
